Evidence for a pressure-induced quantum liquid in KCuFs 
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Pressure-dependent, low temperature inelastic light (Raman) scattering measurements of KCuFs 
show that applied pressure above P* ~ 7 kbar reverses a previously observed low temperature 
structural distortion in KCuFa, resulting in the development of a oj ~ fluctuational (quasielastic) 
response near T ~ K. This pressure- induced fluctuational "central peak" — associated with 
slow fluctuations of the CuFe octahedral orientation — is temperature independent and exhibits a 
characteristic fluctuation rate that is much larger than the temperature, V ^ ksT, consistent with 
quantum fluctuations of the CuFs octahedra. A model of pseudospin-phonon coupling — where the 
pseudospin represents different configurations of the CuFe octahedral tilts — nicely describes both 
the temperature- and pressure-dependent evolution of the Raman spectra of KCuFa. 
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Frustrated magnetic systems in which conventional 
static order is suppressed down to T = K arc currently 
of great interest because of the possibility that these 
systems exhibit underlying order, e.g., ofF-diagonal long 
range order, [1] and novel "liquid- like" ground states — 
such as orbital [2] and spin liquids [3] — which quantum 
mechanically fluctuate even at T = K. Unfortunately, 
there are only a few examples of materials in which such 
orbital/spin liquid ground states have been reported. [2,3] 

In this paper, we report evidence for a pressure-tuned 
quantum melting transition in KCuFs between a static 
structural phase to a phase in which the structure dy- 
namically fluctuates even at T ^ K. While often con- 
sidered a model system for orbital-ordering behavior, [4] 
the id^ perovskitc KCuFa has long been known to ex- 
hibit a number of unusual properties that are still not 
well understood, including a highly anisotropic exchange 
coupling {Jc/ Ja ~ —100) [5] that results in ID antiferro- 
magnetic Heisenberg spin dynamics above 40 K;[6-8] a 
large disparity between the orbital ordering temperature 
[Too ^ 800 K [9]) and the Neel ordering temperature 
(Tjv ~ 40 K [5,8]) that cannot be explained by conven- 
tional superexchange models; [10] and several structural 
anomalies suggesting that KCuFs exhibits orthorhombic 
domains [11-14] whose dynamical fluctuations are inter- 
rupted by a structural distortion to a static configuration 
at r~ 50K.[15,16] 

Pressure-dependent, low temperature inelastic light 
(Raman) scattering measurements reported here show 
that applied pressure above P* ~ 7 kbar reverses the pre- 
viously observed [16] low temperature structural distor- 
tion in KCuFs down to the lowest temperatures measured 
(T = 3 K) , resulting in the development of a fluctuational 
(quasielastic) response near T ^ K. This pressure- 
induced fluctuational ( "central peak" ) response — which 
we associate with slow fluctuations of the CuFg octahe- 
dral orientation — is temperature independent and ex- 



hibits a characteristic fluctuation rate that is much larger 
than the temperature, T ^ kgT, similar to the behav- 
ior observed in "quantum paraelectric" phases such as 
SrTiOs and KNa03.[l] A model of pseudospin-phonon 
coupling [17] — where the pseudospin represents differ- 
ent configurations of the CuFg octahedral tilts — nicely 
describes both the temperature- and pressure-dependent 
evolutions of the Raman spectra of KCuFa . 

Single crystal samples of KCuFs were grown by an 
aqueous solution precipitation method described previ- 
ously. [18] Samples were characterized with magnetic sus- 
ceptibility and X-ray diffraction measurements, and the 
results obtained are in good agreement with previous re- 
sults. [6,7,19] Low temperature, pressure-dependent Ra- 
man scattering measurements — using liquid argon as 
the quasihydrostatic pressure medium — were performed 
using the 6471 A line from a krypton laser and a SiC- or 
diamond-anvil cell that fits in a flow-through helium cryo- 
stat, allowing simultaneous control of temperature (T > 
3 K) and pressure {P < 100 kbar). 

Fig. 1 summarizes the temperature-dependence (P = 
0) of some of the key phonon modes in KCuFa, [16,20] 
showing that the structure of KCuFs is unstable above 
T = 50 K. In particular. Figs. 1 (a) and (b) show that the 
Pig-symmetry phonon near 72 cm~^ exhibits a roughly 
10-fold decrease in linewidth (FWHM) and a 20% de- 
crease in energy ("softening") with decreasing temper- 
ature (Fig. 1), consistent with previous evidence for 
thermally driven structural fluctuations that persist over 
an anomalously broad range of temperature between T^v 
(=40 K) and 300 K.[ll-14,16] Fig. 1 also shows that the 
Big phonon frequency stabilizes at temperatures below 
~ 50 K, concomitant with a splitting of the doubly de- 
generate 260 cm^^ Eg mode into two singly degenerate 
modes at 260 cm^^ and 265 cm^^ (Figs 1 (c) and (d)), 
providing evidence that the thermally driven structural 
fluctuations in KCUF3 are arrested by a structural tran- 
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FIG. 1. (a) Temperature dependence of the Big symmetry 
phonon mode in KCuFs. (b) Summary of the temperature de- 
pendence of the peak energy (circles) and hnewidth (squares) 
of the Big phonon mode. The inset shows the calculated 
temperature dependence of the normalized peak frequencies, 
Ld/iOo, using Eq. 1 for the case ujmoi = lOcOo, from [17]. (c) 
Temperature dependence of the Eg symmetry phonon mode 
in KCuFs. (d) Summary of the temperature dependence of 
the peak energy of the Eg phonon mode, showing a splitting of 
the mode at the tetragonal-to-orthorhombic structural tran- 
sition at r = 50 K. 



sition.[15,16,20] 

It has been previously suggested that anomalies in X- 
ray diffraction [16] and electron spin resonance [12] mea- 
surements of KCuF3 arise from dynamical rotations of 
the CuFg octahedra, which freeze into a static GdFeOa- 
type pattern at T '-^ 50 K.[16] In support of this inter- 
pretation, the thermally driven mode softening behavior 
in KCuFa (Fig. 1) can be well-described by a coupled 
pseudospin-phonon model [17] in which the atomic vi- 
brations of the phonons are associated with molecular 
groups (e.g., the CuFg octahedra in KCuFa) that fluctu- 
ate between discrete configurations and whose dynamics 
can be described using a pseudospin representation. The 
associated Hamiltonian is given by, [17] 
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where Q is the normal coordinate of the phonon, P is the 
conjugate coordinate of Q, a.i is the pseudospin, J^ is the 
pair interaction between the ith and jth pseudospins, g is 
the pseudospin-phonon coupling constant, and uJq is the 



bare phonon frequency. The coupled phonon response 
function associated with this Hamiltonian is: [17] 
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where 7 ^ i^mo; is the pseudospin (CuFg octahedra) fluc- 
tuation rate, J = Jc^T — J is the renormalized exchange 
coupling, Wo j = Wo [1 — (g-^//)] > is the renormal- 
ized phonon frequency, and Fi |= (w^ — Wq) /7J'} is the 
phonon damping parameter. Notably — as illustrated 
in the inset of Fig. 1(b) for the case w^o/ — IOwq — 
when the molecular fluctuation rate (ujmoi) is much faster 
than the phonon frequency (wo), i.e., for uimoi ^ Wo, the 
phonon response function in Eq. 1 predicts that the cou- 
pled phonon will exhibit mode softening as the temper- 
ature decreases towards the structural phase transition 
(T -> Tc).[17] This regime is consistent with the mode 
softening observed for the 50 cm~^ Eg [16] and 72 cm~^ 
Big rotational F phonon modes in KCuFa (see Fig. 1(a) 
and (b)), supporting our conclusion that the anomalous 
mode softening in KCuFs is associated with CuFg octa- 
hedral fluctuations, and revealing a thermally driven fluc- 
tuational regime in KCUF3 in which thermal fluctuations 
of the CuFg octahedra occur on a much faster timescale 
than the Eg and Big phonon frequencies to which they 
are coupled. 

Significantly, evidence that CuFg octahedral fluctua- 
tions in KCUF3 extend down to very low temperatures ~ 
50 K in KCuFs — and are interrupted only by a struc- 
tural distortion that locks these fluctuations into a static 
('glassy') configuration [16] — suggests that KCuFa is 
close to a quantum critical point (QCP) at which the 
fluctuational regime extends down to T = K. To ob- 
serve "quantum melting" between T ~ static and fluc- 
tuational regimes in KCuFs, low-temperature, pressure- 
dependent Raman scattering measurements were per- 
formed on KCuFa . Hydrostatic pressure has been shown 
to reduce octahedral distortions in perovskite materials 
such as (La,Ba)2Cu04,[21] Ca2Ru04,[22] Ca3Ru207,[23] 
and LaMn03.[24] Consequently, pressure-tuning offers a 
means of reversing the low-temperature tetragonal-to- 
orthorhombic distortion in KCuFa that accompanies the 
freezing-in of CuFg octahedral rotations below T = 50 K 
(and P = 0). 

Fig. 2 shows the pressure-dependent Raman spectra 
of KCuFa. The insets of Fig. 2 (a) and (b) show that 
the splitting of the ^ 260 cm^^ Eg phonon mode dis- 
appears above P* ^ 7 kbar, indicating a pressure in- 
duced orthorhombic-to-tetragonal distortion. Figures 2 
(a) and (b) also show that the pressure-induced struc- 
tural transition near P* ~ 7 kbar (at T = 3 K) is fol- 
lowed by the development with increasing pressure of a 
quasielastic central peak; this pressure-induced fluctu- 
ational response is approximately described by a sim- 
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FIG. 2. (a) Pressure dependence of Raman spectra of KCuFa 
at T = 3 K. The arrow indicates a frequency corresponding 
to 40 feflT. The inset illustrates the pressure dependence of 
the Eg phonon mode at T = 3 K. (b) Pressure dependence 
of the integrated central peak intensity, I{P), at T = 3 K 
for three different samples of KCuFs. The inset shows the 
pressure dependence of the peak energies of the Eg phonon 
mode at 3 K for four different samples, showing evidence for 
an orthorhombic-to-tetragonal transition near P* = 7 kbar. 
(c) Calculated normalized phonon frequency, lj/loo, (black cir- 
cles) and central peak integrated intensity (blue squares) as a 
function of ujo/^moi, using Eq. 1 from [17]. (d) Temperature 
dependence of central peak response of KCuFa at P = 42.3 
kbar. 
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which has a maximuni value at the characteristic fluctu- 
ation rate F. Similar central peak responses have been 
observed to result from slow relaxational spin dynam- 
ics in magnetic materials (e.g., UCu5_a;Pda; [25], /3-M„ 
[26]) and slow relaxational structural fluctuations in per- 
ovskites (e.g., SrTiOg [27], LaAlOg [28] and KMnEg [29]). 
In KCuFs, we attribute the pressure-induced develop- 
ment of a quasielastic central peak to the onset of slow 
fluctuations of the CuFe octahedra with a characteris- 
tic fluctuation rate F ~ 80 cm~^ (10 meV). In support 
of this interpretation. Fig. 2 (c) shows that the phonon 
response function of Yamada et al. in Eq. 1 [17] pre- 
dicts the development of a central peak — and the ab- 
sence of phonon softening — when the molecular (i.e., 
CuFg octahedral) fluctuation rate {uJmoi) becomes com- 
parable to the phonon frequency (a;o)-[17] The agreement 
between the pressure-induced development of a central 
peak in KCuFa (see Fig. 2 (a) and (b)) and the predic- 
tions of the Yamada model in the "slow molecular fluc- 
tuation regime" (see Fig. 2 (c)) suggests that pressure 



increases the molecular fluctuation rate relative to the 
phonon frequency (see Fig. 2(c)). It is worth noting also 
that a similar central peak neutron scattering response 
in isostructural KMnFs has also been attributed to dy- 
namical rotations of the fluorine octahedra. [27] 

These pressure results provide evidence for a pressure- 
tuned "quantum melting" transition near T ~^ in 
KCuFs between a static conflguration of the CuFg oc- 
tahedra to a phase in which the CuFg octahedra are 
slowly fluctuating on a timescale that is comparable to 
the Eg and Big phonon frequencies. Indeed several fea- 
tures of the pressure-induced central peak (fluctuational) 
response in KCuFa (Fig. 2) suggest that it is associated 
with quantum fluctuations of the CuFg octahedra: First, 
the characteristic energy scale of the fluctuations, F ~ 80 
cm^^ (10 meV) is roughly 40 times the measured tem- 
perature (T = 3 K), i.e., r ~ 40 ksT (see arrow in Fig. 
2 (a)). Second, Fig. 2 (d) shows that the central peak 
scattering response of KCuFa at P = 42 kbar is tempera- 
ture independent, which is expected for quantum fluctua- 
tions in the frequency regime of the observed central peak 
scattering, i.e., for hio ^ fc^T. [23-25] A similar pressure- 
tuned quantum phase transition between ordered (ferro- 
electric) and fluctuating (quantum paraelectric) regimes 
was also observed in KH2PO4 (KDP).[30] 

Altogether, these temperature- and pressure- 
dependent Raman results — summarized in Fig. 3 
— suggest the following description of fluctuations in 
KCuFg: Above T = 50 K and for P = 0, fast fluctuations 
{<-^moi ^ Wo) of the CuFg octahedra result in soft-mode 
behavior associated with rotational F vibrations — as 
well as in other structural anomalies observed previously 
[11-14] — until a tetragonal-to-orthorhombic transition 
locks these fluctuations into a glassy configuration 
below r = 50 K (see Fig. 3). [16] Thus, the tempera- 
ture dependent behavior of the structural fluctuations 
in KCuFs can be attributed to thermal fluctuations 
between different "wells" in a free energy landscape 
representing different octahedral configurations (top left 
diagram in Fig. 3); these configurations become locked 
into a static glassy configuration below T = 50 K, just 
prior to the Neel ordering temperature (T/v ^ 40 K). 
Above P* ^ 7 kbar, however, the structural distortion 
that locks the octahedra into a static configuration is 
reversed, allowing slow fiuctuations of the octahedra 
with uJmoi ^ ^o] this leads to the development of a relax- 
ational ("central peak") response associated with slow 
fluctuations between different octahedral configurations. 
Because the characteristic rate associated with these 
fluctuations is temperature independent [31] and more 
than an order-of-magnitude larger than the character- 
istic temperature, we propose that these fluctuations 
are primarily driven by zero-point fluctuations (i.e., 
quantum tunnelling) between different wells in the free 
energy landscape (top right diagram in Fig. 3). This 
interpretation suggests a pressure-induced "quantum 
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FIG. 3. PT phase diagram for the CuFg octahedral fluctu- 
ations in KCuFs. Horizontal axes represent the temperature 
and pressure. The contour plot on the horizontal plane repre- 
sents the measured fluctuational (central peak) integrated in- 
tensity, with dark green = 2000 counts and white — counts, 
based on temperature sweeps at the following pressures: P = 
0, 5, 13, 18.7, 27, 35, 42 kbar. The vertical axis shows the 
mode frequency, with both the ~ 79 cm~^ Big and ~ 261 
cm~^ Eg phonon frequencies shown as functions of temper- 
ature (filled red and green circles, respectively) and pressure 
(open red and green circles, respectively). Filled squares illus- 
trate the characteristic energy F of the central peak response. 
Diagrams on top depict (left) thermally activated hopping 
between CuFe configurations in the fast-fluctuating regime 
of KCuFs, and (right) the quantum tunneling between CuFe 
conflgurations in the pressure-tuned slow fluctuating regime. 



melting" transition in KCuFs that is similar to "rota- 
tional melting" transitions [1] to quantum paraelectric 
phases in SrTiOs and KTaOs at low temperatures, [32] 
and in KDP at high pressures. [30] 

One important question that remains to be answered 
concerns the role these octahedral fluctuations play in 
disrupting magnetic order in KCUF3. A connection be- 
tween quantum structural (octahedral) fluctuations and 
the spin and/or orbital degree of freedom might indi- 
cate that a pressure-induced orbital/spin liquid state ac- 
companies quantum fluctuations of the octahedral ori- 
entations in KCUF3. To study this important question, 
pressure dependent magnetic measurements are needed 
to test whether the pressure-tuned onset of octahedral 
fluctuations is coupled with a suppression of Neel or- 
der. Uniaxial pressure measurements would also provide 
an interesting comparison to these hydrostatic pressure 
studies, [1] by helping to stabilize the lower symmetry, 
static configuration of KCuFa and presumably extend- 
ing the magnetic ground state. 
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